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The pharmacokinetics of oral doxycycline administered at 200 mg every 24 h were investigated in 17 patients
recovering from severe Plasmodium falciparum malaria. The data suggest that the doses of doxycycline currently
recommended (circa 3.5 mg/kg of body weight daily) may not be optimal.

Oral doxycycline, a lipophilic bacteriostatic antibiotic, is the
recommended secondary oral antimalarial treatment during
the recovery of nonpregnant adults from severe Plasmodium
falciparum malaria. It is combined with primary parenteral
treatments to ensure the clearance of all remaining parasites
and to prevent the emergence of resistance to the primary
antimalarial. There is no published information on the phar-
macokinetics of doxycycline in patients with severe malaria, or
indeed with any infectious disease, and the recommended dos-
age regimens currently used are empirical; they include 3 mg/
kg of body weight/day, 100 mg every 12 or 24 h, and 200 mg
every 24 h, with or without a loading dose (1, 2, 27, 28).

In healthy volunteers who have taken oral doxycycline, the
maximum doxycycline plasma concentrations (C,,,,) of 1.5 to
7.0 pg/ml are usually reached within 3 h, and the drug has a
half-life of 14 to 24 h (16, 26). Concurrent ferrous sulfate,
antacids, phenobarbital, heavy alcohol intake, and undernutri-
tion are known to accelerate the clearance of doxycycline (11,
12, 13, 15, 16, 21). It is not known whether the pharmacoki-
netics of doxycycline are affected by same-day ferrous sulfate
or malaria, and there is little information on the in vitro sen-
sitivity of P. falciparum parasites to doxycycline (3, 8, 18, 23). It
is not appropriate to assess the pharmacodynamic effects of
doxycycline alone in vivo, as the drug should not be used alone.
In combination, the antimalarial effect of the primary paren-
teral drugs predominates. The optimum dosage can be deter-
mined only from comparisons of the pharmacokinetics and by
extrapolations from in vitro parasite sensitivity assessments.

The study was conducted from 1999 to 2002 at Mae Sot
Hospital, Tak Province, western Thailand from May to July
and November to December of each year. Patients aged 16 to
65 years were included if they or an attending relative were
able and willing to give informed written consent and if they
had slide-confirmed, single species P. falciparum parasitemia;
no contraindications to doxycycline; a negative pregnancy test
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for females of reproductive age; no requirement for interacting
drugs (warfarin, bismuth, antacids, aluminum, magnesium, cal-
cium, iron, zinc salts, or sucralfate); and clinically severe ma-
laria (14, 29). Ethical clearance was granted by the Ministry of
Public Health, Government of Thailand.

Patients were randomized to receive either intravenous ar-
tesunate (Guilin No. 2 Pharmaceutical Factory, Guangxi, Peo-
ple’s Republic of China) at 2.4 mg/kg of body weight, followed
by 1.2 mg of artesunate/kg 12 h later and then 1.2 mg of
artesunate/kg/day, or quinine dihydrochloride (Government
Pharmaceutical Organization, Bangkok, Thailand) at 20 mg of
salt/kg as a loading dose infused over 4 h, followed by 10 mg of
salt/kg infused over 2 h three times a day. When patients were
able to take tablets, either oral artesunate, to a total intrave-
nous and oral dose of 12 mg/kg or quinine sulfate (Govern-
ment Pharmaceutical Organization), at 10 mg of salt/kg every
8 h, was given for a total treatment course of 7 days. This reg-
imen was supplemented with doxycycline (Vibramycin, 100-mg
capsules; Pfizer) at 200 mg/day at 0800 h for 7 days.

Patients were allotted ferrous sulfate (200 mg) either at 1300
and 1800 h or every 12 h after the 7-day course of doxycycline.
The first six patients were designated ad hoc, while the remain-
ing 11 patients were randomly placed in one of the two ferrous
sulfate treatment groups. The choice of treatment group was
kept in an opaque envelope, which was opened only after the
patient consented to the study. Patients were counseled to take
all drugs as prescribed.

Blood samples for hematocrit and parasitemia tests and
biochemistry were taken from the patients on admission. Ax-
illary temperature, hematocrit, and parasite counts were mea-
sured every 6 h until parasite clearance (14). When the patient
was able to eat, doxycycline was started. Four milliliters of
venous blood was taken at 0, 0.5, 1.0, 1.5, 2, 3, 4, 6, 8, 10, 12,
and 24 h after doxycycline administration. Plasma samples
were stored at —30°C until analysis. After liquid-solid extrac-
tion with a Bond Elut C18 cartridge, the plasma doxycycline
concentration was determined by reverse-phase high-perfor-
mance liquid chromatography with UV detection (19), by using
demeclocycline as the internal standard. The lower limit of
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FIG. 1. Relationship between plasma doxycycline concentration and time after the first (solid line) and last (broken line) 200-mg doxycycline

doses.

quantification was 25 ng/ml and the intra- and interassay co-
efficients of variation were lower than 3 and 6.7%, respectively.

Observed plasma doxycycline concentrations (C,,,,) and
time t0 C,,,x (Trmax) Were used, and the area under the curve
from 0 to 24 h (AUC,_,,,) was calculated by using the linear
trapezoidal rule, with log-linear extrapolation to infinity for
AUC,_... (22) (Fig. 1). The AUC after the dose on day 7 was
also adjusted by subtracting the AUC calculated from the day
7 trough and the elimination rate constant. The mean resi-
dence time, clearance, and volume of distribution for day 7
were calculated by using this adjusted estimate of AUC. A
noncompartment model was used (Model 200, WinNonlin
3.1; Pharsight Corp., Cary, N.C.). Clearance was calculated as
dose/AUC,,_.... The antimalarial drug susceptibilities of fresh
P. falciparum isolates to doxycycline were determined by using
the microdilution radioisotope method (incubation for 48 h in
the presence of 5% O,, 5% CO,, and 90% N,), from a popu-
lation similar to that from which the patients recruited to this
study came, at the Shoklo Malaria Research Unit, Mae Sot,
Thailand (4).

Seventeen patients were recruited to the study during their
recovery from severe malaria (Table 1). The median interval
between admission and start of oral doxycycline was 4 days
(range, 0 to 7 days). Phenobarbital (a 200-mg intramuscular
dose) was given for a median of 4 days (range, 0 to 6 days) be-
fore the first dose of doxycycline for nine patients. Two pa-
tients vomited within 30 min of the first dose of doxycycline
and were successfully redosed 24 h later. All patients com-
pleted the full course of doxycycline. The median parasite
clearance time was 66 h (range, 36 to 84 h). All patients
survived, and 10 were again in attendance at the hospital on
the morning of the seventh doxycycline dose.

Median serum bicarbonate levels were 21 (range, 20 to 27)
and 25 (range, 22 to 28) mmol/liter, creatinine levels were 64
(range, 48 to 680) and 64 (range, 48 to 528) pwmol/liter, urea
levels were 12.7 (range, 5.3 to 64.1) and 9.6 (range, 5.5 to 45.3)
mmol/liter, and total bilirubin levels were 8.9 (range, 2.2 to
18.9) and 7.8 (range, 2.2 to 9.0) pmol/liter on the first and last

days, respectively. Serum bilirubin, creatinine, and urea levels
were significantly higher, and serum bicarbonate levels were
significantly lower, on admission than on the day of the first
doxycycline dose (P = 0.02). After acute administration, the
median elimination half-life was 10.5 h (range, 6.9 to 17.9 h)
(Table 2). Although the sample size was small, there were no
significant differences in the pharmacokinetic parameters be-
tween those who did and did not have ferrous sulfate =5 h
after the doxycycline. Before the seventh doxycycline dose was
administered, the median trough plasma doxycycline was 0.56
pg/ml (range, 0 to 2.28 wg/ml). The actual and adjusted C,,,,,
AUC,_,4, and AUC,_.., after the last dose were not signifi-
cantly larger than these measures after the first dose (P >
0.05). The median ratio of unadjusted AUC,_,,, between that
after the seventh doses and first doses was 1.2 (range, 0.5 to
2.8). The 24-h accumulation index (22) was 1.26.

Of 633 P. falciparum isolates from primary infections col-
lected in 2001 to 2004, the geometric mean (95% confidence
interval [CI]) of the 50% effective concentration (ECs,) was
4.86 wg/ml (range, 4.58 to 5.15 pg/ml) (equivalent to 10.1
pmol/liter [range, 9.5 to 10.7 wmol/liter]). After the first and
last dose of doxycycline, three and four patients, respectively,
had a C,,,, exceeding the estimated ECs,. In comparison to
previous reports on the pharmacokinetics of doxycycline, the
Craw T'maw and volume of distribution described here are
similar, but the half-life was relatively short at 10.5 h (16, 26).
Neither acute malaria nor concurrent ferrous sulfate given =5
h after doxycycline apparently altered doxycycline pharmaco-
kinetics. Potential problems with the study include the small
sample size and potential suboptimal adherence to doxycycline
and ferrous sulfate regimens. However, pill counts on day 7
suggested that all medication had been taken and that the
study would reflect a real-life situation without observed ther-
apy.

The geometric mean for the P. falciparum doxycycline ECs,,
of 10.1 wmol/liter described here is similar to those in previous
reports from Senegal (18) and western Thailand (23) but dou-
ble those described for isolates from Cambodia and West Af-
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TABLE 1. Clinical and laboratory details of study patients at admission

ANTIMICROB. AGENTS CHEMOTHER.

Results for patients”

Variable r
All Without iron With iron

No. of patients 17 8 9
Body weight (kg) 48.8 (38.5-61.0) 51 (38.5-58) 48.8 (46.0-61.0) 1.0
No. of males 14 7 7 1.0
Age (yr) 30 (18-59) 34 (20-41) 28 (18-59) 0.4
No. of categories of severe malaria per patient 1.5 (1-6) 2 (1-5) 1(1-4) 0.4
No. of days ill 5(2-14) 5(2-10) 4 (2-14) 0.6
Temp (°C)” 37.7 (37.0-38.3) 37.8 (36.7-38.8) 37.6 (36.6-38.5) 0.8
Glasgow Coma score 10 (6-15) 8.5 (6-15) 10 (6-15) 0.3
Parasitemia (pul) 21,262 (2,680-168,655) 12,880 (163-1,016,015) 29,696 (1,794-168,655) 0.7
Trophozoites and schizonts (%) 35 (0-68) 42 (17-66) 2 (0-68) 0.3
Hematocrit (%) 34 (14-46) 30 (14-46) 27 (14-42) 0.8
Plasma glucose (mmol/liter)” 8.6 (2.6-16.2) 9.5 (5.3-14.5) 8.4 (2.6-16.2) 0.6
Plasma lactate (mmol/liter)” 3.5(1.0-22.1) 5(1.0-22.1) 2.7 (1.2-12.1) 0.7
Serum creatinine (wmol/liter)’ 108 (56-680) 110 (56-680) 108 (56-184) 0.8
Serum urea (mmol/liter)® 40.0 (6.0-95.3) 31.3 (18-80.8) 45 (5.5-95.3) 0.4
Total serum bilirubin (wmol/liter)” 38.9(2.2-173.2) 40.0 (12.2-104.3) 38.9 (2.2-173.2) 0.9
Serum bicarbonate (mmol/liter)’ 19.7 (10.0-29.0) 19.4 (13.4-24.0) 21.0 (10.0-29.0) 0.3
Parasite clearance time/h 66 (36-84) 78 (64-84) 66 (36-84) 0.2
Parasite clearance, 50%/h 8.5(0.3-37.2) 11.8 (1.3-22.5) 8.5(0.3-37.2) 0.8
Parasite clearance, 90%/h 29.0 (5.8-57.5) 35.0 (21.8-57.5) 22.5(5.8-55.4) 0.3

“ Medians (ranges) are given unless otherwise noted.

® Mean (95% CI).

¢ Geometric mean (95% CI). (Number of asexual parasites/1,000 erythrocytes on thin film X hematocrit % X 125.6 or number of asexual parasites/200 white cells
on thick film assuming a white cell count of 8 X 107/liter).

4 Normal range, 3.5 to 5.5 mmol/liter.

¢ Normal, <4 mmol/liter.

/Normal range, 70 to 150 wmol/liter.

& Normal range, 2.5 to 6.7 mmol/liter.

" Normal range, 3 to 17 wmol/liter.

‘ Normal range, 21 to 28 mmol/liter.

rica (3). The MICs of doxycycline for P. falciparum after 96 h
of incubation are 4- to 20-fold lower than those after 48 h
of incubation (18, 30), and ECys are lower at higher oxygen
tension (7, 16). The in vitro incubation period (48 h) and

oxygen tension (5%) used here introduce potential confound-
ing factors. Therefore, at present, it is difficult to interpret in
vitrosensitivitydatafordoxycycline. Thesedataindicate thatpres-
ent dosing might be inadequate for some patients and that,

TABLE 2. Doxycycline pharmacokinetic parameters after acute and convalescent oral doxycycline administration®

Result for patient group indicated

Variable Acute Convalescence
All Without iron With iron All Without iron With iron
No. of patients 17 8 9 10 5 5
Doxycycline dose (mg/kg) 4.1(3.3-5.2) 4.0 (3.5-5.2) 4.1(3.3-4.4) 4.1 (3.5-4.6) 3.6 (3.54.3) 4.2 (4.1-4.6)
Trnax (h) 2 (1.5-4) 2 (1.5-4) 3(24) 3(1.5-8) 3 (1.5-8) 3 (2-6)
Chax (pg/ml) 3.17 (1.63-7.72) 3.32 (1.63-5.29) 3.17 (2.30-7.72) 4.44 (1.52-8.64) 5.36 (3-6.58) 4.0 (1.52-8.64)
No. of patients with a C,,,, of 3(17) 1(17) 2(17) 4 (10) 3 (10) 1(10)

>4.9 pg/ml (total no. tested)
Adjusted Cpoy (pg/ml)?
AUC,_... (ng - h/ml)

3.86 (1.46-8.05)
51.5(40.9-134.2)  73.0 (29.3-182)
Adjusted AUC,_... (g - h/ml)” 70.1 (29.0-145) 77.9 (47.0-145) 60.8 (29.0-138.3)
AUC,_o, (pg - h/ml)’ 32.0 (18.7-79.7) 28.8 (18.7-63.4) 33.3(25.4-79.7)  48.6 (18.3-69.8)  49.3 (34.3-69) 44.5 (18.3-69.8)
Number points for half-life 8(5-9) 8(5-9) 7 (5-8) 7 (4-9) 7 (4-9) 7 (5-8)
calculation
Elimination half-life (h)

4.65 (2.70-6.20)
84.8 (49.3-182)

336 (1.46-8.05)

49.6 (25.1-140.1)  42.5(25.1-140.1) 61.6 (29.3-144.5)

10.5 (6.9-17.9) 10.2 (9.3-17.9) 110 (6.9-166)  11.6(8.5-172)  11.7(9.8-17.0) 115 (8.5-17.2)

Apparent volume of distri- 1,451 (619-2,984) 1,690 (757-2,984) 1,157 (619-1,917) 979 (534-2,675) 834 (534-1,533) 1,180 (550-2,675)
bution (ml/kg)”

Apparent clearance (CUf) 90 (37-221) 112 (42-221) 71 (37-112) 63 (31-156) 52 (31-93) 68 (48-156)
(ml/kg/h)’

Mean residence time (h)® 166 (115-27.1) 163 (15.1-27.1)  172(115-26.6) 184 (10.0-59.3)  18.0(15.0-593)  18.8 (10.0-31.4)

Day 7 trough doxycycline 0.56 (0-2.28) 0.78 (0-2.28) 0.15 (0.06-1.39)

concentration (pg/ml)

“ Values were determined on day 0 for the acute group and on day 7 for the convalescent group after oral administration of 200 mg of doxycycline. Medians (ranges)
are shown unless otherwise indicated. There were no differences (P < 0.05) between variables for acute and convalescent groups and for groups with and without ferrous
sulfate. To convert doxycycline concentration (ug/ml) to mmol/liter, multiply by 2.08.

b Convalescent data for these variables were adjusted by subtracting the AUC calculated by using plasma doxycycline trough concentration immediately before the
last dose and by log-linear extrapolations to infinity by using the observed half-life.
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with a doxycycline half-life of 10.5 h, twice daily dosing may be
more appropriate. A loading dose of twice the maintenance
dose (i.e., 400 mg) would allow plasma doxycycline concentra-
tions to rise above a therapeutic level quickly (22). Although
doses of up to 600 mg of doxycycline may be well tolerated
when taken with food and water (9), patients recovering from
severe disease frequently have difficulty eating.

Without reliable information on the relationship between
plasma concentration of doxycycline and the therapeutic re-
sponse, and thus on which pharmacokinetic variable is most
strongly associated with pharmacodynamic response, doubt
will remain as to the optimum regimen. There is limited clin-
ical trial evidence that doxycycline is an effective companion
drug to quinine or the artemisinin derivatives in the treatment
of uncomplicated or severe malaria (5, 6, 10, 17, 20, 24, 25).
Longitudinal monitoring of the sensitivity of P. falciparum to
doxycycline and further investigation of doxycycline pharma-
cokinetic-antimalarial pharmacodynamic interrelationships,
the tolerability of higher doses, adherence, and standardization
of methods will be important to ensure that the correct dose of
doxycycline is used in combination therapy.

This study was a part of the Wellcome Trust-Mahidol University
Oxford Tropical Medicine Research Programme funded by the Well-
come Trust of Great Britain.
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